is a POrtiOn
Of the central nervous system that is particularly advantageous for study of structural and functional relationships.
It is readily accessible, highly ordered, and easily stimulated. It consists of five types of neurons whose perikarya are arranged in discrete layers, and the retinal synapses are all confined to two plexiform layers. Recent studies by electron microscopy have added significantly to our understanding of the synaptic organization of the vertebrate retina (13-15, 30, 35) .
Retinal neurons are small, however, and recording from single cells in the retina has been difficult.
Only from the ganglion cells or their axons have single-unit recordings been routinely made (1, 2, 21, 23, 27-29, 36, 39, 40) . The few intracellular recordings obtained from more distal neurons in the retina suggest that many of the cells generate slow, graded potentials (3, 8, 9, 25, 36, 37') which make extracellular recording difficult to interpret (6). A few years ago, Uortoff (3, 4) showed that it was possible to record intracellularly throughout the retina of the mudpuppy, Necturus maculosus. The nuclei of the cells in Nectuws are extraordinarily large, which considerably increases the size of the cell perikarya.
The present paper and the one following present an anatomical and physiological analysis of the Necturus retina. The principles of synaptic organization of the Necturus retina are similar to those of other vertebrates. Accordingly, discussion in this paper will emphasize features of the Necturus retina that are special to it and are particularly relevant to ' Received for publication October 15, 1968. its physiology. For instance, in the outer plexiform layer of the Nectars retina the synaptic relations between receptor, bipolar, and horizontal cells are clearer than in any other retina so far described, and special attention will be paid to organization in the outer plexiform layer. Synaptic organization in the inner plexiform layer is quite similar to that previously described for the frog (13), and therefore this layer will be discussed in much less detail. '-30 (2, 4, 6 tri, dimethylaminophenol) .
METHODS
The plastic mixture was hardened for 6 hr in an oven at 60 C and was cut at 20 ~1 with glass knives.
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Figure 1 shows a thick section of a Necturus retina fixed for electron microscopy with osmium tetroxide, Araldite embedded, and stained for light microscopy by the Richardson method (33). Rod and cone receptors are easily distinguished by the shapes of their outer segments. There are a few double cones in the Necturus retina (7, 20) , but none are illustrated in this section. The outer nuclear layer is about one and one-half cells thick and contains mainly receptor cell nuclei. However, displaced horizontal cell and bipolar cell perikarya are occasionally found in the outer nuclear layer (see below and 31).
The outer plexiform layer is very irregular in thickness, ranging from 2 to 10 lo The inner nuclear layer contains only two to three layers of cells. The more distal cells are bipolars and horizontals, while the more proximal cells are mostly amacrine cells. The inner plexiform layer is about 20-25 l.~ in thickness, and proximal to it The Nectwus retina stains poorly with the Golgi method. Although the cell perikarya are large, the large size of the cells is caused by the very large nuclei, which do not usually stain with the Golgi method. The cytoplasm of the perikarya is often reduced to a thin, irregular sphere surrounding the nucleus (insert, Fig. 9 ). The processes of the cells are no larger than neural processes in other amphibian retinas, and many of them may be smaller. Thus, consistent and complete impregnation of any type of retinal cell is very rare in Necturus. Figure 2 is a montage of photomicrographs of the best impregnated cells from 12 preparations. Figure 2a is a survey micrograph showing cells of the inner nuclear layer particularly well. At the top of the photomicrograph are stained receptor terminals, and fine processes can be seen extending from the terminals into the outer plexiform layer. One horizontal cell, two bipolars, and five amacrines are the other cells stained in this section. The remaining photomicrographs show examples of typical cells in the Necturus retina, or details of the cells. Figure 2 , b and c, illustrates examples of receptor terminals. The cone receptor terminals are usually situated directly subjacent to the nucleus of the cell (Fig. Zb) , while rod terminals are often displaced laterally from the cell body (Fig. 2~) . Fine processes extend from the terminals well into the outer plexiform layer. In Fig. 2b one such fine process ends in a knob (arrow) which is probably in contact with a cell perikaryon in the inner nuclear layer (see below). Figure 2 , d and e, shows typical bipolar and horizontal cells. The horizontal cell body is usually rounded with a flattened apical side. There are no processes on the horizontal cell that descend to the inner plexiform layer; but numerous processes extend from the apical side of the cell Cone terminals can often be positively identified by tracing along the cell to the outer segment. The terminal portion of the cone cell is usually just below or adjacent to the nucleus, making such tracing easy. Neural processes contact these cone terminals in two ways. They either penetrate deep into the receptor terminal or make superficial contacts on the basal portion of the terminal. Synaptic ribbons are associated with both types of contact (see below and Fig. 4) .
The rod terminals are more difficult to identify positively, because they are usually displaced laterally from the rest of the cell body and the outer segment (Fig. 2~) . Occasionally, one can trace a rod receptor terminal to the cell body or find the terminal near the cell body. Figure 5 shows an example. In such rod terminals no invaginated processes have been observed; all the contacts with these terminals are superficial. Synaptic ribbons are associated with these contacts, and the ribbons in such terminals are often quite long and frequently are arcuate. Thus, one ribbon may be associated with more than one contact point along the terminal (Fig. 5 ). Rather large processes are often observed invaginated deeply into the cone receptor terminals. Some of MUDPUPPY RETINA 321 these processes contain a few synaptic vesicles (including an occasional granulated vesicle) and are identified as horizontal cell processes (Fig. 4 , and see below). Others contain a variety of cytoplasmic organelles and are identified as bipolar dendrites. In many cases, however, the invaginating processes show so little cytoplasmic structure that identification of the processes cannot be made (Fig. 7a , for instance). The invaginating processes are often opposed to synaptic ribbons that are located in the adjacent receptor cytoplasm. In single sections, only two processes appear to be associated with a synaptic ribbon. With serial sections, however, it is possible to show that more than two processes may be related to one synaptic ribbon. Figure 6 is a partial reconstruction by serial section of the invaginated processes related to one synaptic ribbon. On the right are drawings of two single sections, which show in each case only two processes in relation to the ribbon. On the left is a drawing based on 12 sections, which shows that at least three processes are associated with the ribbon. Q) . In several retinas a precise anatomical arrangement of processes in the invaginations has been described (14, 30, 34, 35) . Horizontal cell processes terminate more distally and laterally in the invaginations, whereas the bipolar dendrites end more proximally and centrally.
In Ncctums it has not been possible as yet to decide whether such a precise spatial arrangement of horizontal c and bipolar cell processes exists in the invaginations.
Near the location where the invaginating processes are adjacent to the synabtic ribbon, some synaptic specialization is usually seen ( Fig. 74 . In these areas the plasma membranes of both the receptor terminal and the invaginating processes often appear denser, and fine filaments extend from the plasma membrane into the cytoplasm of the invaginating process along the contact zone. This filamentous specialization, the so-called subsynaptic web, is similar to that observed along the postsynaptic membrane at a number of synapses in the nervous system (18, 38) . At the invaginated ribbon synapses of the receptors, the synaptic cleft is widened to about 300-400 A.
A further consistent observation is that the membrane specializations described above are not always confined to the region immediately adjacent to the synaptic ribbon, but rather that a considerable zone of membrane specialization (up to 1 p in length)
is often observed between the invagina ting processes themselves (arrow, Fig. 7, a and b) . In such cases the intercellular space is widened along the entire 1eng;th of the contact zone; the apposed me;nbranes appear denser, and subsynaptic webs are seen in the cytoplasm of the processes all along the contact. In Fig. 7b Evidence for these identifications is presented below. Ripolal-and horizon tnl cell ~~~occs.sc's md 5-J' )z apses. Horizontal and bipolar cells can of ten be recognized along the margin of the inner nuclear layer, and the processes of these cells can be followed for some distance in the outer plexiform layer. These two cell types can be differentiated by the shape of the cell perikaryon (Fig.  Z) , by the presence of a descending axon process on bipolar cells, and by the morphology of processes. Large bipolar cell processes contain numerous cytoplasmic organelles similar to those seen in the cell body, and these processes are therefore easily identified.
Fewer cytoplasmic organelles are observed in the smaller bipolar dendrites, and identification is less positive. In some cases the processes may appear quite empty.
On the other hand, horizontal cell processes (regardless of size) do not retain the characteristics of horizontal cell cytoplasm; rather, shortly after emerging from the soma, the processes lack most organelles and show onlv numerous neurotubules (Fig. 9) . In such horizontal cell processes, scattered clusters of synaptic vesicles arc seen, and often such processes are observed making conventional synaptic contacts on adjacent processes (Figs. 3, 4, 8, and 11) . Occasionally, horizontal cell processes can be followed to the receptor terminals, where they make superficial contacts with the terminal (Fig. 10) . . Just adjacent to sLlcll contacts the horizontal cell process mav make a synaptic contact on an atlj acen t process. The neurotubules do not appear to extend to the very tip of the horizontal cell processes (Fig. IO) especially on the receptor membrane, is seen at these contacts; usually the ribbon is positioned so that it points between the cell soma and one or two other processes (Fig. 12, a, b, and c) . This is the first reported observation of receptor somatic contacts on second-order neurons in the visual system, and its significance is unclear.
However, in Golgi-impregnated material, fine processes that extend from the receptor terminals into the outer plexiform layer have been observed in a variety of species (10, 13). Thus, it is possible that such contacts are present in other retinas. cleft are seen at these ribbon contacts (Fig. 14, insert) . Such specializations suggest that at ribbon synapses two postsynaptic processes are simultaneously contacted.
At the ribbon contacts of the bipolars in Ncct ?13-21s, the postsynaptic processes may be morphologically similar or they may be different in appearance (Fig. 14) . If they are morphologically similar, both processes usually contain synaptic vesicles; if the processes are morphologically different, only one process usually contains synaptic vesicles, and the other contains none. In the frog retina a similar arrangement of postsynaptic processes was observed at ribbon contacts; and it was argued that when both postsynaptic processes contained synaptic vesicles, they were most likely to be both amacrine processes. On the other hand, when the two postsynaptic processes were different and one of the postsynaptic processes contained no synaptic vesicles, this suggested that one postsynaptic process was a ganglion cell dendrite and the other an amacrine process (13). The evidence at hand favors the foreyoinq; interpretations for the Nectums , ret&a also. For example, in some instances in which both postsynaptic processes contain synaptic vesicles, the two processes themselves are observed to make synaptic contacts of the conventional (amacrine) type (Fig. 15b) ( Fig. 17a ). All the above synaptic arrangements have been observed and described in some detail for the frog retina (13).
In a previous paper (13) synapses is approximately 7: 1. This ratio is lower than in the frog retina, which has a 1O:l ratio of conventional synapses versus ribbon synapses. However, the ratio in Necturus is higher than that found in the primate retina, which has a ratio of about 2 conventional synapses to each ribbon contact. In the outer plexiform layer of Necturus synaptic relationships between receptor terminals, bipolar cell dendrites, and horizontal cell processes appear clearer than in any other retina so far described.
In the primate outer plexiform layer, for example, no synaptic contacts of the horizontal cells have yet been described.
In Necturus, however, it is possible to clearly identify horizontal cell synapses, and to show that horizontal cell processes synapse mainly on bipolar cell dendrites. Occasionally, horizontal cell processes synapse on other horizontal cell processes, but horizontal cell processes never synapse back onto the receptor terminals.
Thus, there is no morphological evidence of feedback between hori- 
